The Holocene climate is simulated in a 9000-yr-long transient experiment performed with the ECBilt-CLIO-VECODE coupled atmosphere Á/sea ice Á/ocean Á/vegetation model. This experiment is forced with annually varying orbital parameters and atmospheric concentrations of CO 2 and CH 4 . The objective is to study the impact of these long-term forcings on the surface temperature evolution during different seasons in the high-latitude Southern Hemisphere. We find in summer a thermal optimum in the midHolocene (6 Á/3 ka BP), with temperatures locally 38C above the preindustrial mean. In autumn the temperatures experienced a long-term increase, particularly during the first few thousand years. The opposite trend was simulated for winter and spring, with a relatively warm Southern Ocean at 9 ka BP in winter (up to 3.58C above the preindustrial mean) and a warm continent in spring ('/38C), followed by a gradual cooling towards the present. These long-term temperature trends can be explained by a combination of (1) a delayed response to orbital forcing, with temperatures lagging insolation by 1 to 2 months owing to the thermal inertia of the system, and (2) the long memory of the Southern Ocean. This long memory is related to the storage of the warm late winter Á/spring anomaly below the shallower summer mixed layer until next winter. Sea ice plays an important role as an amplifying factor through the ice Á/albedo and ice Á/insulation feedbacks. Our experiments can help to improve our understanding of the Holocene signal in proxies. For instance, the results suggest that, in contrast to recent propositions, teleconnections to the Northern Hemisphere appear not necessarily to explain the history of Southern Hemisphere temperature changes during the Holocene.
Introduction
Over the past few decades, the high-latitude Southern Hemisphere (SH) climate has experienced significant changes (e.g., Folland et al., 2001; Thompson and Solomon, 2002) . The character of these climatic changes is complex, as the trends appear to be disparate at different locations. For instance, the limited data available suggest that in recent decades temperatures over the Antarctic Peninsula have increased (Folland et al., 2001; Vaughan et al., 2001) , while a small cooling was noted over the Antarctic interior. Similarly, sea ice concentrations have decreased in some areas (e.g., Bellingshausen Sea; Jacobsen and Comiso, 1997), while the sea ice extent has increased elsewhere (e.g., Eastern Antarctica, Ross Sea; Stammerjohn and Smith, 1997) . The sparse network of *Author for correspondence (e-mail: hans.renssen@geo.falw.vu.nl)
The Holocene 15,7 (2005) pp. 951 Á/964 observations and the limited length of the measured time series seriously hamper the analysis of these recent changes. Yet, considering the major climate changes that are projected to occur at SH high latitudes in the near future, under the influence of anthropogenic forcing (Cubasch et al., 2001) , then it is important to improve our understanding of the mechanisms governing these changes. An essential step is to gain more insight into the natural climate variability at different timescales. From this perspective, it is important to study the long-term natural climate variations that have occurred during the Holocene.
Compared with the Northern Hemisphere, only a few proxybased reconstructions of the Holocene climatic evolution are available for the SH high latitudes. These reconstructions all show a Holocene thermal optimum, with temperatures well above the present-day levels. However, the timing and character of this optimum varies considerably from place to place. For example, an analysis of 11 Antarctic ice cores by Masson et al. (2000) revealed an early Holocene thermal optimum between 11.5 and 9 ka (thousand calendar years before present), followed by a relatively cool period and a secondary optimum that varied in timing between 7 Á/5 ka (Ross Sea sector) and 6 Á/3 ka (Eastern Antarctica). Other records (marine, lacustrine) confirm the complexity of the Holocene temperature evolution around Antarctica, as maximum warming was registered between 12 and 7 ka in the Atlantic sector (Nielsen et al., 2004) , but between 9 and 4 ka in the area of Antarctic Peninsula (Domack et al., 2001; , and 5 and 3 ka at the East Antarctic coast (Verkulich et al., 2002) . The proxy data thus suggest considerable latitudinal and longitudinal thermal gradients at SH high latitudes. However, the processes that are responsible for these gradients have not yet been identified.
The main external forcing driving Holocene climate changes are variations in orbital parameters. A thermal optimum early in the Holocene is consistent with orbital forcing, as south of 438S the received sum of annual insolation was slightly higher at 9 ka than today, with the amplitude increasing towards the South Pole (Berger, 1978) . For instance, compared with today, the surplus annual insolation at 9 ka was 1 W/m 2 at 608S and 5 W/m 2 at 808S. During the course of the Holocene, the annual insolation gradually decreased towards the present-day values. However, the seasonal patterns of insolation are more complex, as the early Holocene insolation at SH high latitudes was only higher than present in late winter Á/spring (August to November, maximum difference at 608S of '/36 W/m 2 in October), while it was lower than today in summer (December to March, minimum at 608S of (/31 W/m 2 in January). During most of the autumn and winter (i.e., from April to July), the Holocene changes in insolation were very small at SH high latitudes. To complicate matters further, during November and December the difference in insolation at 608S reached an optimum at 6 ka ('/22 W/m 2 ) and 3 ka ('/5 W/m 2 ), respectively.
In addition to orbital forcing, changes in the atmospheric concentration of greenhouse gases could also have played a role in driving long-term climate changes at high SH latitudes. The concentration of CO 2 increased steadily by 20 ppm from Â/260 ppm at 9 ka to Â/280 ppm at preindustrial times, whereas the global mean CH 4 content first decreased from Â/660 ppb at 9 ka to Â/580 ppb at 5 ka and then increased towards a preindustrial value of Â/710 ppb (Raynaud et al., 2000). These increases in atmospheric CO 2 and CH 4 concentrations correspond approximately to radiative forcings of 0.4 W/m 2 and 0.1 W/m 2 , respectively.
In the palaeoclimatic literature, various relationships between insolation and climate at SH high latitudes have been proposed. Some researchers have related Holocene climate evolution, as reconstructed from proxy data (i.e., relatively warm early to mid Holocene, followed by cooling in the late Holocene), to the response to summer insolation changes at northern high latitudes. For instance, Hodell et al. (2001) find relatively warm conditions in the Atlantic sector of the Southern Ocean in the early Holocene (before 5.5 ka), which they link to a relatively weak ocean thermohaline circulation under the influence of summer insolation at 658N. This could have led to reduced northward Atlantic Ocean heat transport and accumulation of heat in the Southern Ocean. Similarly, Nielsen et al. (2004) found in an ocean core in the same region a Holocene climate optimum that is followed by a 38C summer cooling and expansion of sea ice, which is also explained as a response to the summer insolation at Northern Hemisphere high latitudes. Others have suggested that changes in SH insolation drive observed variations in proxy records covering the Holocene. For example, the Holocene trend observed in Antarctic deuterium excess records (i.e., increase during the first half of the Holocene) has been associated with a reduced efficiency of the low-to-high latitude atmospheric moisture transport in response to the decreasing annual mean meridional SH insolation gradient (Vimeux et al., 2001) . Lamy et al. (2002) , on the other hand, related the decrease in Holocene temperature (after 6 ka) in the PeruÁ/Chile current at 408S to a reduction in the seasonal difference in insolation.
Our insight into the response of the climate system to longterm Holocene changes in forcing may be improved with the aid of numerical climate models (Weber, 2001; Crucifix et al., 2002; Brovkin et al., 2002; Weber et al., 2004; . Model studies have, for instance, shown that the surface temperatures at SH high latitudes experienced a 1 Á/2 month lag compared with orbital forcing (e.g., Hewitt and Mitchell, 1998) . However, so far, modelling studies have not focused on the longer-term scale of Holocene climate evolution in the SH high latitudes, partly because of the relatively poor representation of the Southern Ocean in the applied models. We therefore present here the results of a transient Holocene experiment performed with a coupled global atmosphereÁ/sea ice Á/ocean Á/vegetation model that simulates a reasonable modern climate in the SH high latitudes, including the dynamics in the Southern Ocean (Goosse and . Our experiment covers the last 9 000 years and was forced by variations in orbital parameters and atmospheric concentrations of CO 2 and CH 4 . Our main objective is to unravel the long-term response to these main forcings. We focus on the surface temperature evolution, as the main climatic parameter reconstructed from proxy records. First, we discuss the long-term trends of simulated SH climate parameters and, secondly, we analyse the spatial patterns of the 9 Á/0 and 4.5 Á/0 ka anomalies.
Model and experimental design
We have performed our experiment with version 3 of the global, three-dimensional intermediate complexity climate model ECBilt-CLIO-VECODE. The atmospheric module ECBilt is a spectral quasi-geostrophic model with three levels and T21 resolution (Opsteegh et al., 1998) , which includes a representation of the hydrological cycle and simple parameterizations of the diabatic heating processes. Cloudiness is prescribed following present-day climatology (Rossow et al., 1996) and a dynamically passive stratospheric layer is incorporated.
As an extension to the quasi-geostrophic equations, an estimate of the neglected terms in the vorticity and thermodynamic equations is included as a temporally and spatially varying forcing. This forcing is calculated from the diagnostically derived vertical motion field and leads to a considerable improvement of the simulation of the Hadley Cell circulation, resulting in a better representation of the strength and position of the jet stream and transient eddy activity. Weber (2001) and Weber et al. (2004) have studied the climate response to insolation forcing in experiments performed with this atmospheric component ECBilt coupled to a flat-bottom ocean model.
We have applied a model version in which ECBilt is coupled to CLIO, a primitive-equation, free-surface oceanic general circulation model coupled to a thermodynamic-dynamic sea ice model ). The ocean model includes a detailed formulation of boundary layer mixing based on Mellor and Yamada's (1982) level (/2.5 turbulence closure scheme and a parameterization of densitydriven downslope flows (Campin and Goosse, 1999) . The sea ice model takes into account the heat capacity of the snow Á/ice system, the storage of latent heat in brine pockets trapped inside the ice, the effect of the subgrid-scale snow and ice thickness distributions on sea ice thermodynamics, the formation of snow ice under excessive snow loading and the existence of leads within the ice cover. Ice dynamics are computed by assuming that sea ice behaves as a two-dimensional viscousplastic continuum. The horizontal resolution of CLIO is 38 latitude by 38 longitude, and there are 20 unequally spaced levels in the vertical.
Version 3 of ECBilt-CLIO model was recently applied by Knutti et al. (2004) to study the impact of freshwater discharges on the climate during the last glacial stage. It is an improved and updated version of the model applied previously (i.e., version 2) to simulate the modern climate and its natural variability (Goosse et al., , 2003 , and to study the 8.2 ka event (Renssen et al., , 2002 and the future climate evolution Schaeffer et al., 2002) . The most important improvements in version 3 of ECBilt-CLIO are a new land surface scheme that accounts for soil heat capacity, and the utilization of isopycnal diffusion as well as Gent and McWilliams parameterization to represent the effect of meso-scale eddies in the ocean (Gent and McWilliams, 1990) . The climate sensitivity of ECBilt-CLIO is in the order of 0.58C/(W/m 2 ), which is at the lower end of the range found in most coupled climate models (Cubasch et al., 2001) . The only flux correction required in ECBilt-CLIO is an artificial reduction of precipitation over the Atlantic and Arctic oceans, and a homogeneous distribution of this removed amount of freshwater over the Pacific Ocean .
Recently, ECBilt-CLIO3 has been coupled to VECODE, a global vegetation model (Brovkin et al., 2002) that simulates the dynamics of two main terrestrial plant functional types, trees and grasses, as well as desert (bare soil), in response to climate change. Within ECBilt-CLIO-VECODE, simulated vegetation changes only have an impact on the land-surface albedo, and have no influence on other processes, e.g., evapotranspiration (Renssen et al., 2003a,b) .
Our main experiment is a 9000-yr transient simulation that was forced by annually varying insolation values ( Figure 1a , Berger, 1978) that we fixed the vernal equinox at day 81, while in our model one year is divided into 12 months of 30 days each. This is common practice in modelling studies focusing on Holocene climate (e.g., Crucifix et al., 2002; Weber et al., 2004) . We realize that it would have been more appropriate to use a calendar in which the duration of the months depends on their angular length (Joussaume and Braconnot, 1997) but, as this would require substantial adjustments to our model, we have chosen to apply a calendar with months of equal duration for convenience. All other forcings (i.e., solar constant, other greenhouse gases, ice-sheet configuration) were fixed at their AD 1750 values. Consequently, the impact of ice-volume changes on climate was not taken into account in this experiment. In an earlier paper, we have presented the results for the Northern Hemisphere high latitudes . We also discuss here some results of a second 9000-yrlong experiment in which we only prescribed the changes in atmospheric content of CH 4 and CO 2 , while keeping the orbital parameters fixed at their values for 0 ka. This second simulation is a sensitivity experiment that is used to separate in our model the effects of orbital and greenhouse gas forcing during the Holocene.
The initial conditions for the experiments were derived from equilibrium simulations that were run with constant forcings for 9 ka (i.e., either with both orbital parameters and greenhouse gas concentrations for the main experiment or only the latter forcing for the 'greenhouse only' simulation). Consequently, our experiments do not account for the effect of the long-term (i.e., centennial-to-millennial scale) memory for events that occurred before 9 ka, which could potentially influence the first 1000 years of our simulation (e.g., through the deep ocean). We assume here that this 'memory' effect is negligible.
Results

Surface temperature
Summer
The simulated January temperatures averaged over the area south of 608S reveal a clear mid-Holocene thermal optimum during summer. The January temperatures gradually increase from '/0.58C above the preindustrial mean at 9 ka to '/1.38C between 6 and 3 ka, after which a relatively rapid cooling sets in towards the present (Figure 2a ). This 1.38C cooling is of the same order as the interannual variability, as expressed by the monthly standard deviation (Table 1 ). The 9 ka minus 0 ka anomaly map (Figure 3a) suggests a patchy pattern for the early Holocene, with cooler conditions than present along the east coast of Antarctica (max (/0.58C), and warmer conditions elsewhere, most notably in West Antarctica (up to '/1.58C). The January map for the mid-Holocene (4.5 ka minus 0 ka, Figure 4a ) gives a view of the thermal conditions during the thermal optimum, with temperatures being more than 3.58C above the preindustrial level over West Antarctica. The Southern Ocean is between 0.5 and 18C warmer in January at 4.5 ka.
Autumn
Autumn is the only season showing an increase in the longterm temperature trend throughout the experiment. The total increase in April temperatures south of 608S is about 0.78C from 9 to 0 ka (Figure 2a) , which is smaller than the standard deviation for April (0.88C, Table 1 ). The 9 ka minus 0 ka map for April (Figure 3b ) reveals a more complex picture, with the continent being up to 1.58C cooler at 9 ka than at 0 ka (East Antarctica being the coldest region), but relatively warm conditions over most of the Southern Ocean, particularly over the Bellingshausen Sea (locally '/18C). The map for the mid-Holocene (Figure 4b) shows that at 4.5 ka Eastern Antarctica was still 18C cooler in the simulation than the preindustrial climate.
Winter
Averaged over the entire study area (i.e., south of 608S), the simulated July temperatures decreased throughout the Holocene (1.38C total cooling, Figure 2a) , with the main part of the cooling between 9 and 5 ka. This long-term cooling is slightly above the level of the interannual variability, as the monthly standard deviation for July is 1.08C (Table 1) . The anomaly maps indicate that this response is mainly coming from the ocean surface, as the continental temperature evolution shows a different behaviour. The 9 ka temperatures are more than 3.58C higher than 0 ka over the Southern Ocean along 658S, with two centres at 908E and 158W (Figure 3c ). At 4.5 ka, the winter temperatures over the Southern Ocean were still up to 18C warmer than today. In contrast, temperatures over the continent decrease by 18C from 9 to 4.5 ka, with the 9 ka conditions being about 0.58C warmer than 0 ka, while at 4.5 ka they were 0.58C cooler (compare Figures 3c and 4c) . From 4.5 to 0 ka, continental winter temperatures again increase, thus revealing a mid-Holocene thermal minimum.
Spring
In spring the region experiences a relatively strong cooling, with the October temperatures being more than 2.58C higher at 9 ka than at 0 ka ( Figure 2a ). This cooling is large compared to the interannual variability, as the standard deviation for October is 0.98C (Table 1 ). The 9 ka minus 0 ka map ( Figure  3d ) shows that this cooling is centred on the continent, where the temperatures are between 2.58C and 3.58C higher at 9 ka compared with 0 ka. Over the sea ice cover, the 9 ka minus 0 ka difference is between 2 and 38C, while the 9 ka minus 0 ka anomaly becomes rapidly smaller over the open ocean (about 0.58C). The anomaly map for 4.5 ka (Figure 4d ) reveals that a substantial part of the Holocene cooling during spring takes place during the last few millennia, as even at 4.5 ka the October temperatures are up to 2.58C above the preindustrial level.
Annual
Averaged over the area South of 608S, the annual mean temperatures experience an almost linear 18C decrease from 9 to 0 ka (not shown). The strongest cooling (more than 1.58C) occurs over the Bellingshausen Sea between 70 and 1208W and over the Atlantic sector of the Southern Ocean between 0 and 308E (i.e., same spots as on winter map, Figure 3e ). Over the Antarctic continent, the cooling varies between 18C in west Antarctica and less than 0.58C on east Antarctica. Thus, when considering the annual mean conditions, western Antarctica experiences a stronger cooling than the eastern part of the continent. This gradient remains present at 4.5 ka (Figure 4e ).
Precipitation
The simulated precipitation evolution shows marked differences between seasons, whereby, as expected, precipitation generally follows the temperature trends (Figure 2b) . The January time series show more or less stable precipitation levels from 9 to 5 ka, followed by a small decrease of 1 mm. In April, precipitation increases during the course of the experiment (1 mm in total), most notably between 5 and 2 ka. The July time series indicate a 1.6 mm decrease from 9 to 0 ka. Table 1) In October, precipitation is enhanced over most places south of 608S, thus following a trend opposite to that of temperature. This increase during spring is concentrated along the coast of Antarctica (by up to 5 mm, not shown) and is associated with maximum changes in surface pressure ( Figure 5 ). The annual precipitation experiences a small decrease (0.3 mm) from 9 to 0 ka (not shown). It should be noted that the simulated long-term changes in precipitation, as shown in the simulated time series (Figure 2b ), are small compared with the interannual variability (as expressed by the standard deviation, Table 1 )
Atmospheric circulation
In January and April, the 9 ka surface pressure is 1 to 3 hPa higher over the Southern Ocean than at 0 ka, indicating a less active circumpolar trough in the early part of our simulation ( Figure 5 ). The opposite is seen for July and October, with a deeper circumpolar trough at 9 ka compared with 0 ka (up to 7 hPa difference). The 9 to 0 ka trend in surface pressure is generally consistent with the simulated changes in surface wind speed (Figure 2c ). In January and April, the westerlies strengthen from 9 to 0 ka in line with deepening of the circumpolar trough, while in July the westerly winds become weaker towards the end of the experiment in agreement with the 9 to 0 ka increase in surface pressure over the Southern Ocean. Only the response during October is less straightforward, with the wind speed levels averaged over the Southern Ocean staying almost constant during the experiment (Figure 2c ), while stronger westerlies would have been expected at 9 ka given the relatively deeper circumpolar trough early in the simulation ( Figure 5 ). However, the October wind speed evolution in Figure 2c is not representative for the entire area south of 458S, because at 458S the 9 ka winds were actually stronger than at 0 ka, which is in line with the surface pressure anomalies, while they were weaker at 658S. The monthly trends in the strength of surface westerlies is associated with the evolution of the meridional temperature gradient (Figure 2d ). It should be noted that the differences in wind speed between 9 and 0 ka are small, varying between '/3% for July and (/4% for April.
The simulated changes in winds and pressure at the surface are also consistent with the simulated evolution of the Antarctic Oscillation (AAO) index, which is defined as the leading principal component of 850 hPa geopotential height anomalies south of 208S. The AAO is characterized by pressure anomalies of one sign centred on Antarctica and anomalies of the opposite sign centred at about 40 Á/508S. The AAO index is a measure for the strength of the zonal circulation at SH high latitudes, with higher index values signifying a stronger zonal atmospheric flow. In January and April, the simulated AAO index increases substantially from 9 to 0 ka, while the reverse trends are found for July and October (not shown).
Sea ice
The simulated long-term Holocene response of the sea ice concentration and thickness shows an increase. The evolution of the sea ice cover in March (i.e., at the end of summer) first indicates a slight decrease of 0.3 )/10 6 km 2 from 9 to 5 ka, after which it increases again by 1 )/10 6 km 2 to the preindustrial value of 4.7 )/10 6 km 2 ( Figure 6 ). The March sea ice cover thus experiences the same trend as the summer temperatures. During this season, the overall increase in sea ice is restricted to the western part of the Southern Ocean (Figure 7a and 7c) , particularly over the Bellingshausen Sea, where locally a 25-cm increase in thickness is noted (i.e., '/40%) together with a 10% increase in cover. In September (end of winter, Figure 6 ), the sea ice cover follows a linear increase from 9 to 0 ka (by 1.5 )/ 10 6 km 2 from 16.2 to 17.7 )/10 6 km 2 ). In September the sea ice expands especially in two centers (between 70 and 1208W and around 158E), which are at the same position as the maximum winter cooling, where the ice concentration increases by up to 20 Á/30% (Figure 7b ). The increase in thickness is modest (i.e., between 5 and 15 cm, or about '/7%, Figure 7d ).
Ocean circulation
The simulated changes in ocean circulation are relatively small. The Antarctic Circumpolar Current is strongest in the early part of the experiment. From 9 to 5 ka, a gradual weakening is noted from 139 to 136 Sv, followed by a slight recovery to 137 Sv (not shown). The amount of Antarctic Bottom Water exported stays more or less stable throughout the experiment, as only a very minor decrease in the first 2 000 years is noted. In addition, the overall strength of the ocean thermohaline circulation, as for instance measured by the export of North Atlantic Deep Water at 208S, does not change significantly in our experiment .
Discussion
Role of local insolation
The temperature evolution from October to May can be explained partly by a delayed response to the local insolation curves of one to two months earlier (i.e., August to March). The overall time lag depends on the thermal inertia of the system. The heat capacity of the oceans is relatively large, leading to a typical lag of two to three months over ocean surfaces, while the thermal inertia is much smaller over continents, resulting in a typical lag of less than one month over land surfaces (e.g., Crucifix et al., 2002) . The lag of the temperature averaged over the area south of 608S compared with insolation is one to two months for October to May. For instance, the January temperatures show a mid-Holocene thermal optimum between 5 and 4 ka that is also present in the insolation curves for November (6 ka) and December (3 ka) (a) January temperature 9 ka-0 ka (b) April temperature 9 ka-0 ka (c) July temperature 9 ka-0 ka (c) October temperature 9 ka-0 ka (e) Annual temperature 9 ka-0 ka Figures 1a and 2a) . In addition, the relatively warm conditions in October in the early Holocene can be related to the September and August insolation curves. Similarly, the April temperatures are lower than today in the early Holocene, in line with the insolation that is lower than today in February and March. However, even in April, most of the Southern Ocean is warmer in the early Holocene than today, showing that a lagged response to local insolation can provide only part of the explanation. This complexity is also clear for the winter months (June, July, August), as the Holocene insolation for autumn Á/early winter (April to July) is not changing significantly at SH high latitudes. This implies that the relatively warm early Holocene conditions during winter, as evident in the temperature time series of, for example, July, must originate from other seasons (because of the system memory) or from lower latitudes (because of poleward heat transport).
(a) January surface pressure 9 ka-0 ka (b) April surface pressure 9 ka-0 ka (c) July surface pressure 9 ka-0 ka (d) October surface pressure 9 ka-0 ka 
Role of the memory of the system
Over the Southern Ocean, the temperature difference compared with 0 ka stays rather constant throughout the year, being always warmer at 9 ka and 4.5 ka than in the late Holocene (Figures 3 and 4) , even in seasons during which the surrounding continents are cooler. This suggests that the memory of the system is sufficiently large to smooth seasonal variations related to, e.g., lower insolation during January to March (Figure 1b ). In the early Holocene, the relatively high atmospheric temperatures in late winter Á/early spring (because (a) March sea ice concentration 9 ka-0 ka (c) March sea ice thickness 9 ka-0 ka (d) October sea ice thickness 9 ka-0 ka (b) September sea ice concentration 9 ka-0 ka Figure 7 March and September 9 ka minus 0 ka anomalies in sea ice concentration (fraction, upper two graphs) and thickness (in metres, lower two graphs) of local insolation) lead to warming of the surface ocean (mixed layer) and to relatively thin sea ice and reduced ice cover compared with preindustrial conditions. At this time of year the mixed layer reaches its deepest level. During late spring and summer, the zone situated below the seasonal thermocline (i.e., the winter layer) is no longer in contact with the surface, implying that the warm anomaly is temporarily stored there. The effect of the relatively reduced sea ice conditions is to amplify the already warm conditions in spring because of the ice Á/ albedo and ice Á/insulation positive feedbacks. The anomalously warm surface conditions are transferred well into the summer, with the Southern Ocean being 18C warmer at 9 ka in January than at 0 ka (Figure 3a) , and the sea ice cover being thinner in March (Figure 7c ). In autumn and winter, the mixed layer deepens again, enabling the warm anomaly that is stored under the thermocline to reach the surface. Compared with 0 ka, this results at 9 ka in a relatively strong ocean-to-atmosphere heat flux in July (20 Á/40 W/m 2 at 608S) and sites with anomalously warm conditions (up to '/3.58C, Figure 3c) . Consequently, the relatively warm early Holocene conditions in July can be explained to a large extent by the long memory of the system, as was proposed earlier by Whitlock et al. (2001) . To summarize, the long memory of the Southern Ocean is due to two different processes, with a surface layer that is responsible for delays of up to three months and a deeper winter layer that is isolated from the surface during part of the year and accounts for the longer timescales. Sea ice plays an important role as an amplifying factor.
Role of long-distance transport
Only the atmosphere plays a role in the changes of poleward heat transport, as the oceanic meridional heat transport does not vary significantly during our experiment. We have shown above that the seasonal evolution of the surface winds (Figure 2c ) is closely linked to the trends in the meridional temperature gradient (Figure 2d ). In the early Holocene, the meridional temperature gradient was steeper than at 0 ka during July, resulting in relatively strong westerlies, but less steep during April, producing relatively weak westerly winds. In January and October, the differences compared with 0 ka conditions were smaller, but slightly negative. As expected, the meridional temperature gradients for most months are directly associated with the latitudinal insolation gradients of one to two months earlier. Indeed, in the early Holocene the latitudinal insolation gradients were steeper than at 0 ka from May to August (explaining the July temperature gradient), but less steep than 0 ka from September until December (in line with the October and January temperature gradients). Thus, in addition to the local insolation, the distant insolation could also play a role in the Holocene climate evolution at high SH latitudes. An exception is the less steep 9 ka temperature gradient in April (Figure 2d ), as this is related to the relatively warm Southern Ocean. In the early Holocene, autumn insolation is reduced compared with 0 ka at all latitudes, resulting in small changes in the latitudinal gradient. However, while this insolation anomaly leads to relatively cool 9 ka conditions at mid and high latitudes, the Southern Ocean is relatively warm because of the long memory of the system, resulting in a relatively weaker meridional temperature gradient in the early Holocene relative to preindustrial conditions. Although the westerlies are related to the poleward heat transport, the simulated 9 to 0 ka changes in the strength of the westerly winds are small (i.e., between '/3% for July and (/4% for April), indicating that the contribution of the long distance heat transport to the Holocene temperature evolution at SH high latitudes is insignificant compared with the effects of the local insolation and the memory of the system.
Role of greenhouse gas forcing
In addition to orbital forcing, we also prescribed changes in atmospheric CO 2 and CH 4 . To evaluate the effect of this greenhouse gas forcing, we performed a second 9 000-yr-long transient experiment that was only forced by the atmospheric concentrations of CO 2 and CH 4 (as shown in Figure 1b ). This experiment suggested that over the course of 9 000 years the greenhouse gas forcing is responsible for a gradual warming of 0.5 Á/1.08C (annual mean) at SH high latitudes. The greenhouse forcing is amplified by progressive melting of sea ice in the Southern Ocean, especially during winter. In other words, at SH high latitudes, the effect of the forcing by atmospheric CO 2 and CH 4 is opposite (long-term warming) to the effect of orbital forcing (long-term cooling). This implies that in our main experiment, in which we combined the two forcings, the orbitally forced overall Holocene cooling is partly counteracted by the greenhouse gas forcing, thus indicating that atmospheric CO 2 and CH 4 have contributed to the configuration of the Holocene climate.
Relevance for proxy-based reconstructions
To what extent are the simulated temperature trends consistent with published proxy records? As noted in the Introduction, proxy data suggest that the timing and characteristics of the period of maximum warmth varied considerably from place to place. Antarctic ice cores provide isotopic evidence for the existence of two thermal optima: one early optimum between 11 and 9 ka and a secondary optimum later in the Holocene (Masson et al., 2000; . As our experiment was started at 9 ka and cannot provide information on the first optimum, we focus here on the timing and nature of the second optimum.
The ice cores show that the second thermal optimum occurred notably earlier in the Ross Sea Sector (7 Á/5 ka) than in Eastern Antarctica (6 Á/3 ka) (Masson et al., 2000) , although possibly local effects (e.g., katabatic winds) could have disturbed the isotopic temperature signal. It is difficult to link the isotopic ice-core data to one particular season, as the seasonal distribution of precipitation (i.e., determining the isotopic signal) is not known. However, reconstructions based on biological proxies, which are expected to represent the summer half-year, are generally consistent with the ice-core evidence, also showing that the warm conditions occurred later in Eastern Antarctica than in the western part of the continent (Steig et al., 1998; Domack et al., 2001; Verkulich et al., 2002) . For instance, a marine core from the Ross Sea confirms that relatively warm conditions prevailed here between 7 and 5 ka (Steig et al., 1998) . Ocean cores from the vicinity of the Antarctic Peninsula even suggest that warm conditions started earlier (i.e., at 9 ka, Domack et al., 2001 ). Some lacustrine data (i.e., diatoms) from East Antarctica are also consistent with the ice core data, suggesting relatively cool and dry conditions until 6 ka, followed by warmer conditions with a maximum between 4 and 3 ka (Verkulich et al., 2002) . However, other diatom-based reconstructions from East Antarctic lakes have been interpreted to show maximum warmth between Â/8.5 and Â/6 ka, so substantially earlier in the Holocene (Roberts et al., 2004; Wagner et al., 2004) .
Marine cores from the Atlantic sector of the Southern Ocean provide quantitative estimates of Holocene climate change, although the accuracy of the radiocarbon chronologies is restricted by the lack of knowledge of the local marine reservoir age. A diatom-based reconstruction from an ocean core at 508S (Nielsen et al., 2004) suggests early in the Holocene (until 6.2 ka) summer SSTs 1 Á/28C above the long-term mean and little sea ice (presence during less than 1 month/yr). This relatively warm phase is followed by cool conditions between 6.2 and 2.9 ka, with summer SSTs of 18C below the longterm average and ice presence during more than 1 month/yr. According to the reconstructions from this core, the late Holocene (after 2.9 ka) was again characterized by relatively warm conditions. A diatom record from a nearby core (538S) suggests a similar Holocene climate evolution, with a cooling of Â/28C around 5.5 ka (February SST), followed by warmer conditions in the late Holocene (Hodell et al., 2001) . In these studies, the evolution during the first half of the Holocene is explained by a response to Northern Hemisphere insolation (at 608N), involving a weakening of the thermohaline circulation, leading to reduced northward heat transport by the Atlantic Ocean and accumulation of heat in the Southern Ocean. The warming during the late Holocene has been linked to local summer insolation at SH high latitudes (Nielsen et al., 2004) .
When comparing the proxy-based reconstructions with our model results it is important to establish what season the proxies really represent, since our simulation suggests that the temperature evolution differs substantially from season to season. The simulated summer temperatures experience a thermal maximum between 6 and 3 ka, while the spring temperature is highest at 9 ka and the autumn temperature peaks at 0 ka (Figure 2a) . Consequently, part of the variations in the timing of the maximum warmth seen between reconstructions could be related to differences in the seasonal dependence of the proxies. For example, reconstructions based on diatom species that bloom in spring are likely to show an earlier thermal optimum than one based on species that bloom in mid-summer.
Even when this seasonal dependence of proxies is left out of consideration, our model results appear to be consistent with the reconstructions. The simulated temperature evolution for the summer half year (October to April) suggests that the peak of the thermal optimum was 2000 to 1000 years earlier in West Antarctica (7 Á/5 ka) than in East Antarctica (5.5 Á/4 ka; Figure 8 ). In our model, this difference is caused by the relatively strong reduction of sea ice in the early Holocene in the western sector of the Southern Ocean relative to the eastern sector ( Figure 7a Á/d ). This resulted in relatively high early Holocene temperatures in western Antarctica compared with the eastern part of the continent.
Our results suggest that the long-term Holocene climate evolution at SH high latitudes can be explained by the combined effects of local orbital forcing and the long memory of the system. However, some aspects of the Holocene climate have not been reproduced in our experiment, such as the small summer warming during the late Holocene reconstructed in the Atlantic sector (Hodell et al., 2001; Nielsen et al., 2004) . Nevertheless, for the period after 9 ka, it appears that there is no need to invoke Northern Hemisphere insolation and teleconnections with North Atlantic climate, as was proposed in some recent studies (Hodell et al., 2001; Nielsen et al., 2004) .
Conclusions
We have performed a 9000-yr-long transient simulation with a coupled climate model to study the response to orbital and greenhouse gas forcing of the SH high-latitude climate. Our results suggest the following.
(1) The simulated long-term Holocene temperature evolution varied substantially from season to season. In summer, a thermal maximum was reached between 6 and 3 ka, with temperatures locally 38C above the preindustrial mean in West Antarctica. The autumn temperature experienced a long-term increase, particularly in the first half of the Holocene, where a 1.58C warming was found over the Antarctic continent. In winter, conditions over the Southern Ocean were relatively warm in the early Holocene (up to 3.58C warmer than at 0 ka), followed by a gradual cooling. The spring temperatures were strongly reduced during the course of the Holocene, as they were more than 38C above the preindustrial level at 9 ka. Over the Southern Ocean, the early and mid-Holocene temperatures were higher than the 0 ka climate in all seasons. The seasonal evolution of precipitation and sea ice was generally similar to the temperature trends.
(2) The temperature trends can be explained by a combination of two factors: (i) local orbital forcing, as temperature trends were generally showing a one to two month lag to local insolation, and (ii) the long memory of the system, producing year-round warm conditions in the Southern Ocean. The system's long memory is related to the large heat capacity of the Southern Ocean and the effect of two layers: a surface layer including sea ice, responsible for lags of up to three months, and a deeper level, below the summer mixed layer, in which seasonal thermal anomalies are stored, responsible for the longer-term lags. Sea ice acts as a strong amplifying factor through the positive ice Á/albedo and ice Á/ insulation feedbacks. Greenhouse gas forcing had a weaker, but opposite, effect (long-term warming) compared with the orbital forcing (long-term cooling). (3) The simulation suggests that, compared with the preindustrial situation, the early Holocene sea-ice cover was more reduced in the western sector of the Southern Ocean than in the eastern sector, leading to annually persistent differences in 9 Á/0 ka temperature anomalies between the west Antarctica (warmer) and east Antarctica (cooler). As a result, the thermal maximum occurred a few thousand years later in the eastern part of the continent, which has also been observed in ice cores and other palaeoclimatic data. (4) Our results suggest that long-term Holocene temperature trends can, to a large extent, be explained by a response to insolation variations in the Southern Hemisphere, implying that teleconnections to the Northern Hemisphere appear not to be necessary to explain the first order response of the Southern Ocean during the last 9000 years of the Holocene. and for model testing. This manuscript benefited from discussions with M.F. Loutre (UCL, Louvain-la-Neuve).
